The eect of transverse magnetic anisotropy on spin-dependent transport through a large-spin molecule strongly tunnel-coupled to ferromagnetic electrodes is analyzed theoretically. In particular, we investigate whether it is possible to observe in transport signatures of oscillations of the ground-state doublet splitting due to the application of an external magnetic eld along the molecule's hard axis. We show that magnetic eld leads to revivals of the Kondo eect, with the Kondo temperature depending on the magnetic conguration of the device.
Introduction
The interest in spin-dependent transport through large-spin nanoscopic systems, such as single-molecule magnets [1] or atoms [2] , is driven by the prospect of encoding a bit of information into the physical state of the system's spin being up or down [3] . The prerequisite for the required bistability is the uniaxial spinanisotropy of an easy-axis type, so that the two opposite spin states along a specic axis are energetically favored. The key obstacle for achieving this bistability is, however, the transverse anisotropy that generates spintunneling between the up and down states [47] , providing thus a channel for information loss. For this reason, the knowledge of how the transverse spin-anisotropy aects transport properties of a nanoscopic system is of vital importance.
Here, we focus on analyzing the spin-dependent transport through a model magnetic molecule strongly tunnelcoupled to ferromagnetic electrodes. Since in such a case spin-exchange (Kondo) correlations are in action, one can expect anomalous signatures in transport to emerge at low temperatures [8] . For molecules characterized by the spin number larger than 1/2, the magnetic anisotropy comes into picture and determines whether the Kondo eect occurs or not. In a bistable system, the uniaxial component of magnetic anisotropy generally suppresses the eect [912] , whereas the presence of an additional transverse component leads to its restoration [13, 14] .
In particular, in this work we consider the possibility of observing the eect of transverse magnetic anisotropy on molecule's transport characteristics in the presence of external magnetic eld applied along the molecule's hard axis.
* corresponding author; e-mail: misiorny@amu.edu.pl 2. Theoretical description Magnetic molecules can be described by a model consisting of a magnetic core of spin S > 1/2, which is exchange coupled with strength J > 0 to a single conducting orbital level (OL). The respective Hamiltonian has the form
The orbital level is described byĤ OL = ε σn σ +Un ↑n↓ , withn σ =ĉ † σĉσ andĉ † σ standing for the creation operator for a spin-σ electron of energy ε in the OL. The Coulomb energy of two electrons of opposite spins in the orbital is accounted by U . We assume that only the core spin is subject to magnetic anisotropy, and its magnetic properties are represented by the giant-spin Hamiltonian [1] :
Here, D and E are the uniaxial and transverse anisotropy constants, respectively, andŜ ± =Ŝ x ± iŜ y withŜ j (j = x, y, z) being the j-th component of the molecule's core spin operatorŜ. Moreover, we focus on the case of magnetic anisotropy of an easy axis type (D > 0), and assume E > 0, which varies within the range 0 E/D 1/3. Transport of electrons through the system takes place only via the OL, which is tunnel-coupled to two ferromagnetic metallic electrodes. The q-th electrode [q = (L)eft, (R)ight] is modelled as a reservoir of noninteracting itinerant electrons, and described byĤ q
qσ ( ) is the creation operator of a spin-σ electron and W denotes the band half-width, taken as energy unit W ≡ 1. We restrict the discussion to the situation when magnetic moments of electrodes are collinear (parallel or antiparallel), and their orientation also coincides with that of the system's easy axis. In such a case, tunneling of electrons between the molecule and electrodes is characterized bŷ (3) with Γ q σ representing the strength of spin-dependent tunnel coupling between the OL and the q-th electrode.
If both electrodes are made of the same material, described by the spin polarization coecient P , the hybridization for majority ( +)/minority ( −) electrons in the q-th electrode can be parameterized as Γ q ± = (Γ /2)(1 ± P ).
At low temperature T and low bias voltage V b , the dierential conductance of the system can be approximated by the symmetrized equilibrium spectral function [15, 16] :
with the spin-dependent spectral function of the OL given (NRG) method [17, 18] with a full density matrix [19] .
Here, in particular, we employ the Budapest Flexible DM-NRG code [20] . In NRG procedure the conduction band is discretized logarithmically with a discretization parameter Λ and the whole problem is solved in an iterative fashion by retaining N k states during iteration. For the present problem we exploited the Abelian symmetry for the total charge and used Λ = 1.8 and N k = 2500.
Results and discussion
It has already been demonstrated that if a molecule is bistable, i.e., characterized exclusively by uniaxial magnetic anisotropy (D > 0 and E = 0), the Kondo eect is generally suppressed, which is especially visible in the antiparallel magnetic conguration of electrodes [11, 12] . In general, at low bias voltage one then expects to observe excitations within the ground state doublet. For this purpose, in Fig. 1 we present the density plot of the dierential conductance dI/dV b as a function of an external magnetic eld B x applied along the hard (x) axis and the bias voltage V b calculated for ε = −U/2. What is more, the resonant elds, at which the Kondo eect is brought back, do not occur at the constant interval 2 2E(D + E), as observed for systems described entirely by the giant-spin Hamiltonian (2) [2426]. This is due to the fact that the model considered here also allows for charging the molecule with additional electrons occupying the orbital level, contrary to the giant-spin
Hamiltonian where the molecule is solely described by the anisotropy constants D and E. Finally, we note that although the revivals of the Kondo eect occur in both magnetic congurations, this eect is more pronounced in the antiparallel conguration compared to the parallel one, which is associated with smaller Kondo temperature in the latter conguration.
Conclusion
We have analyzed the eect of transverse magnetic eld on the spin-dependent transport through a largespin molecule strongly coupled to external ferromagnetic leads. We have shown that, when the molecule exhibits nite transverse magnetic anisotropy, the magnetic eld gives rise to revivals of the Kondo eect, with the Kondo temperature depending on the magnetic conguration of the device.
